In the frame of the GMES program, the main objective of the Sentinel-1 mission is to ensure the continuity of SAR data acquisitions for SAR applications in C-band for global earth monitoring. But in contrast to SAR systems already existing in C-band like ASAR/ENVISAT or RADARSAT-2, high demands on the radiometric accuracy are made. Thus, product quality is of paramount importance and the success or failure of the mission depends essentially on the method of calibrating the entire Sentinel-1 system in an efficient way. This paper describes the strategy and the method of calibrating Sentinel-1.
INTRODUCTION
The European GMES Sentinel-1 mission [1] , due for launch in 2011, is designed to provide an independent and operational information capacity to the European Union to warrant environment and security policies and to support sustainable economic growth. The Sentinel-1 system is based on a two satellite constellation, whereby both satellites are operated in monostatic conditions within a sun-synchronous orbit at an altitude of about 700 km. Thus, a short revisit time can be achieved (regional daily). Each satellite carries a C-band SAR instrument at a center frequency of 5.405 GHz and a maximum bandwidth of 100 MHz [2] , similar to that of RADARSAT-2 [3] . The front end of the instrument is based on an active phased array antenna driven by 280 transmit/receiver modules (TRM). Thus, by switching the instrument over a multitude of different beams, a wide range of swath positions can be covered (up to 400 km ground range) and four nominal operation modes will be available:
• StripMap (SM), with six different look angles, each beam covering a swath width of 80 km,
• Interferometric Wideswath (IW), illuminating a swathwidth of 250 km by switching between three different beams,
• Extra Wideswath (EW), covering the complete range of 400 km by switching between fife different beams,
• Wave Mode (WV), by illuminating small vignettes (20 km x 20 km 2 ) in a distance of 100 km available for two different look angles Except of the wave mode all modes are operated in dual polarization by two receiving channels within the instrument [2] .
But the most important point with respect to the calibration of this flexible SAR system is the tight performance with an absolute radiometric accuracy of only 1 dB (3 σ) in all operation modes. Never before has such a strong requirement (a few tenths of dB) been defined for a SAR system.
With respect to the duration of the Sentinel-1 commissioning phase of three months only, the number of passes and the selection of test sites have to be optimized versus cost and time effort. e.g. calibrating several beams and polarization modes with the same test site. This paper describes an efficient but robust strategy that is based on the experience derived from TerraSAR-X [4, 5] . Furthermore an in-orbit calibration plan is derived for being able to perform all calibration procedures successfully within the tight Sentinel-1 commissioning schedule.
SCOPE AND STRATEGY
The minimum number of measurements and consequently of passes required is mainly driven by the radiometric accuracy budget and the strategy to execute measurements on selected beams. This strategy is based on two key elements, an accurate internal calibration facility for monitoring and characterizing the whole instrument down to individual TRMs, and a precise antenna model shifting most of the antenna characterization from the commissioning phase to pre-launch activities.
The internal calibration facility is based not only on normal calibration pulses for compensating drift effects, but also especially on the pulse coded calibration technique (PCC). By this method the actual setting of each individual TRM can be derived in amplitude and phase while all modules are operating. This information is important for tuning or optimizing the second key element, the antenna model. This method, also well known as the PN gating method was already applied and successfully verified in-flight for the first time for TerraSAR-X [6] .
By the antenna model the reference patterns of all beams are derived for radiometric correction of the SAR data. Furthermore the antenna settings, i. e. the excitation coefficients for all TRMs, are derived for best instrument performance even for drifting and/or failed modules which could happen during the lifetime of the instrument. Such an antenna model has been likewise successfully demonstrated for TerraSAR-X [7] .
Applying both internal calibration and the antenna model relative radiometric calibration for all SAR data products can be performed without any measurements against reference point targets. Furthermore, the gain offset between different beams can be likewise derived by the antenna model. Thus, absolute radiometric calibration, i. e. the measurement of the whole Sentinel-1 system against reference targets, is not only independent of the target position within the swath but also independent of the beam and the mode being operated. Consequently, only one absolute calibration factor has to be derived from deployed reference targets. This factor is valid for all operation modes and beams.
The minimum number of measurements required for deriving this calibration factor is driven by the radiometric accuracy budget. For the analysis, a worst case scenario was assumed, i.e. the worst case parameters across all modes are combined (the worst resolution of the EW mode and the noise contribution of the calibration pulses of the WM mode etc.). Hence, the end-to-end system budget for one specific mode will be better than that derived by this minimum number of measurements, because not all worst case parameters are combined by one specific mode.
Establishing this strategy, only a set of suitable beams has to be actually measured in-flight. But what is a suitable set of different beams? Considering a certain reliability and confidence especially with respect to the high demand for radiometric accuracy of 1 dB (3 σ) in all four operation modes, we have established the following rules or recommendations respectively. a) With respect to the radiometric accuracy budget:
• Measure at least one beam per operation mode and
• against three reference targets deployed within the swath.
• Measure each selected beam by two passes (ascending and descending orbit).
• Measure one beam with low, one with mid and one with high incidence angle in order to cover the wide range of swath positions.
• Measure one beam in both transmit polarizations.
a) With respect to the tight schedule:
• Perform measurements against reference targets for both receiving channels of the instrument (co-/cross polar) simultaneously. This can be realized by an appropriate transponder [8] ,
• Select test sites within crossover areas of ascending and descending swaths, in order to obtain at least two passes per repeat cycle.
Taking all these aspects into account, the following set of six different beams is well suited for performing all in-flight calibration measurements:
• IW1 and IW3, for mid and high incidence angle
• SM1 and SM6, for low and high incidence angle
• EW1 and WV1, one beam for the remaining modes respectively.
CALIBRATION PROCEDURES
In order to realize the strategy described before and to ensure the delivery of calibrated SAR data products, the following calibration procedures have to be executed in-flight:
1. Geometric Calibration, to assign the SAR data to the geographic location on the Earth's surface. Using reference targets well surveyed the internal delay of the instrument and systematic azimuth shifts can be derived.
2. Antenna Pointing Determination, to obtain a correct beam pointing of the antenna. For this purpose an appropriate antenna pattern is measured across the rainforest and using ground receivers.
3. Antenna Model Verification, to ensure the provision of precise reference patterns of all operation modes and the gain offset between different beams. This is likewise performed by measuring antenna patterns across the rainforest and using ground receivers.
4. Radiometric Calibration, for the bias correction of SAR data products. The required absolute calibration factor is derived by measuring the SAR system against reference point targets with well known radar cross section (RCS).
However, the success of performing all these activities is essentially dependent on the stability of the instrument. For the purpose of monitoring and compensating drift effects, an accurate facility for Internal Calibration has been designed, which will be implemented and operated during the whole lifetime of the instrument. 
TEST SITE SELECTION
The next important point is concerned with the coverage of Sentinel-1, because the coverage defines the number of visible measurements across a test site and consequently drives the schedule.
In order to establish suitable test sites for deploying reference targets, different calibration scenarios have been analyzed. The deployment at Svalbard and Troll was one scenario because of the high coverage with up to 34 passes per repeat cycle. But the drawbacks arising especially from harsh weather and environment conditions outweigh the assets of deploying targets in polar regions.
Nevertheless, considering all aspects described in Sec. 2, a test site with three transponders deployed at mid latitude is sufficient to cope with the tight requirements of commissioning Sentinel-1. For this purpose, the coverage of Sentinel-1 across the DLR calibration field in South Germany has been investigated, as shown in Fig. 1 . The coverage of all beams being selected for in-flight measurements is depicted by the blue hatched swathes. As indicated by the grey area (red frame) there is a region covering all beams independent on both ascending and descending orbit (area without black lines). The position of the three transponders within this test site is defined by the coverage of the WV mode because of the small vignettes as indicated by the blue framed boxes.
By this test site composed of three transponders, enclosing an area of about 20 km x 30 km and deployed at mid latitude, all measurements required for calibrating Sentinel-1 can be performed within the commissioning phase as shown in the next section.
IN-ORBIT CALIBRATION PLAN
Considering the successive nature for all procedures required for calibrating the whole Sentinel-1 system, see Sec. 3, the schedule depicted in Fig. 2 has been established. The different calibration processes are subdivided in acquisitions across deployed calibration targets and across the rainforest. The dashed arrow at the end of each activity indicates that the proper measurements performed by dedicated calibration campaigns are finished but analyzing and evaluating all measurements need further effort. By experience from past campaigns, at least one additional cycle should be considered for this purpose.
But before the different calibration activities can be executed a successful check out of both the space segment and the ground segment have to be ensured after the launch of Sentinel-1. This is performed during the pre-phase.
Hence, calibrating the whole Sentinel-1 system will last 6.5 repeat cycles. This calibration scenario demonstrates the capability to perform the different calibration procedures within 2.5 months and consequently to be compliant with the tight Sentinel-1 commissioning schedule of three months.
END-TO-END PERFORMANCE BUDGETS
The end-to-end performance budget was derived for the worst case scenario described in Sec. 2. Thus, the error budget for one specific mode will be better, because not all worst case parameters are combined by one specific mode. The analysis shows an absolute radiometric accuracy of better than 1.0dB (3σ) for all operation modes in co-and cross-polarization of Sentinel-1. It should be mentioned that the WM mode is only designed for operating in co-polarisation.
Hence, the calibration method described is in conformance with the tight system requirement of Sentinel-1 defined by ESA [1] .
CONCLUSION
In preparation of the Sentinel-1 mission an efficient but robust calibration strategy has been established for the whole Sentinel-1 system. This strategy is based on two key elements. An accurate internal calibration facility allows the PCC technique for deriving the actual settings of individual TRMs. And a precise antenna model provides not only the antenna patterns but also the gain-offset between these beams. Thus, the calibration effort can be reduced extremely because only one absolute calibration factor valid for all operation modes has to be derived. Furthermore, most of the antenna characterization is shifted from the commissioning phase to pre-launch activities. For performing all calibration measurements a suitable set of six different beams has been defined. For this purpose some rules and recommendations have been established. Furthermore, in example of a test site with three transponders deployed at mid latitude the radiometric accuracy budget of 1.0dB (3σ) can be achieved in all operation modes within the tight schedule of three months commissioning Sentinel-1.
The described calibration strategy using innovative methods makes an important contribution to keep the costs affordable, the major challenge in calibrating future SAR systems like Sentinel-1 or TanDEM-X [9] 
